Abstract. As part of an international Hg flux intercomparison at the Steamboat Springs, Nevada, geothermal area, several dynamic soil flux chambers and micrometeorological gradient systems were operated over desert soils in early September 1997. A series of unanticipated convective rain cells impacted the site with the first rainfall in -90 days, and the initial 4-cm rainfall increased soil moisture from -0.01 to 0.06% (vol/vol). Several chambers were operating prior to the events, and two were deployed over wet soils following rainfall. Rainfall resulted in an immediate and steep rise in ambient air Hg concentrations and soil Hg emissions which persisted for 12-24 hours. Fluxes increased most quickly and to a greater degree over the wettest soils, and the rate of increase was related to chamber design and flushing rate. The flux response was also apparent in the micrometeorological data. In general, soil emissions increased by an order of magnitude following the rain, and reached levels -6 times above those at the same time the previous day. These fluxes were significantly correlated with temperature, radiation, humidity, wind speed, and soil moisture. After drying for -40 hours, selected soil plots were manually irrigated with low-Hg-distilled water. Mercury emissions responded similarly across the 
Introduction
The ability of Hg to volatilize from soils has long been known [e.g., McCarthy et al., 1969] , and the natural emission of Hg from soils is an important contributor to the global Hg cycle [Carpi and Lindberg, 1998 ]. Mercury exists in soils in several forms, many of which (particularly Hg ø) exhibit relatively high elevated vapor pressures at background temperature. The primary sources of Hg in soils which have not been with temperature, and many studies have reported exponential relationships between temperature and emission rates for background, contaminated, and geologically enriched soils as well as buried wastes [e.g., Lindberg and Turner, 1977; Lindberg et al., 1979; Xiao et al., 1991; Lindberg et al., 1995; Gustin et al., 1996] . Because of the strong temperature effect, few other relationships have been as well documented, and the recent suggestions of a direct effect of solar radiation on fluxes are complicated by indirect temperature effects frdm soil heating [Gustin et al., 1996; Carpi and Lindberg, 1998 ].
Among the "other" factors, soil moisture and rainfall effects have been mentioned in recent studies, often anecdotally via their influence on air concentrations. Wallschlager [1996] and Schmolke et al. [1999] have measured increased Hg concentrations in air immediately above the ground following rain events, while Carpi and Lindberg [1998] reported a strong increase in Hg emissions from background field soils following the first rain after a 2-month drought. In the only known soil moisture manipulation study, Hg fluxes were found to change significantly over soils which were deprived of natural rainfall for several weeks. Although adjacent control soils showed no trends, the treated soils went from being a net Hg source prior to drying (>30% moisture), to a Hg sink while dry (i.e., dry deposition was measured to soils of <10% moisture), and back to a net source after rewatering with distilled water to 25% moisture [Advokaat and Lindberg, 1996] .
The development of field-portable teflon flux chambers [this issue (a)]. Briefly, there were four basic FC designs: the ORNL all-teflon rectangular "box" (deployed by GKSS, GU, UM, and ORNL [e.g., Carpi and Lindberg, 1998 ], a low rectangular polycarbonate pastry cover (FG), a square plexiglass box lined with teflon (UG), and an opaque teflon-lined aluminum hemisphere (EC Although "it never rains in the desert" (M. S. Gustin, personal communication, 1996), it became apparent by 1100 hours (local time) on September 2 that storms were approaching, and a rain event of -2 cm occurred from -1220-1240.
All FC were in place and operating over soils by -0930-1000, prior to rain.
However, after some initial soil measurements, three of these systems (ORNL, UG, UM) were removed from soils for several hours of blank measurements. Because of the approaching rain, the ORNL and UM FC were not again deployed until some time after the rain event, over wet soils (1330 for ORNL, 1530 for UM), while the UG FC was again operating over still dry soils by 1130. Hence, when the rain began, five FC were already in place over dry soils (FG, UG, EC, GU, GKSS), while two FC were deployed over wet soils after the event (ORNL, UM). Once underway, all FC ran undisturbed for -20 hours, which included a second rain period after sunset of -1 cm, from 1900 to 1945. Visual inspection of the surrounding soils indicated that the wetting front from the first event was isolated to the upper 2-3 cm, and all soils were still clearly wet the following morning but quickly dried under full Sun by midafternoon (by visual inspection).
Controlled Irrigation
Because of the response seen in the FC data after the first rain event, a controlled soil wetting experiment was performed on the final day, -40 hours after both rain events and when soils were again thoroughly dry. This experiment was designed in part to test the hypothesis that the Hg flux was due to reduction of Hg 2+ delivered in the rain event itself. After -20 hours of undisturbed operation, and beginning at 1000 on September 4, four of the FC plots were rapidly watered by hand with low-Hg (<0.5 ng/L) distilled water to simulate the moisture delivered by a 1-cm rain event (using the same watering device, plots were watered between 1000 and 1015 in this order: UM, UG, EC, GKSS). Each FC was carefully lifted from the soil, and water was applied uniformly for -1 min followed by sealing of the FC over the wet soil surface. The ORNL plot immediately adjacent to the UM plot was left unwatered as a control. All FC were then operated without further disturbance for 2-3 hours in full sunlight. Adjacent open soil plots were watered similarly and monitored visually for drying rate. Visible moisture was still apparent after 2 hours at a depth of 1 cm. Inspection of the original plots below the FC prior to watering indicated that all visible traces of soil moisture from the events on September 2, 1997, were gone.
Results

Response of Hg Fluxes to Precipitation Events
From the onset of the first rain event it was apparent from the mercury analyzer readouts that precipitation was having an effect on airborne Hg at the Steamboat Springs field site. The effect was initially manifested in rising air concentrations as illustrated in Figure l Since soil water appears to drive the increased fluxes, it is surprising that the other FC plots exhibited temporally similar responses to the ORNL and UM FC. However, the design of the various FC that were in place prior to the rain probably influenced the degree to which moisture penetrated the underlying soils. The EC FC, which exhibited the highest mean flux, and also a peak after the second rain event (unlike the other FC), was a 0.4 m diameter hemisphere, a design conducive to transporting falling rain into the immediate vicinity of the underlying soil. This site was also situated on a former stream outwash which exhibited a coarse and highly porous texture which was amenable to rapid diffusion of water into the soils beneath the chamber.
The FG FC was situated near the EC site, on finer soils, but was of a design with a minimal footprint beyond the FC walls, while the GKSS and GU FC both had a teflon skirt for sealing the FC to the soil. These skirts reduce the transport of rainwater to soils below the FC surfaces (the ORNL and UM designs have the same skirts but were on already wet soils). The fact that all chambers did respond to moisture increases in the surrounding soils to some extent suggests that the effective "footprint" of these chambers may extend beyond their actual dimensions (this idea is also supported by reported correla- Figure 7 illustrates the response of Hg flux to both natural rainfall and artificial irrigation for three "matched" FC plots, two of which had FC over dry soils prior to the rain (GKSS, EC), and one which had the FC placed on wet soil after rain (ORNL/UM). For the GKSS and EC plots the data show that Hg flux over irrigated soils increases more rapidly and reaches a higher plateau compared to the response after rainfall. This difference is most dramatic for the GKSS plot and supports the idea that much of the variance influx response after rainfall was related to the amount of moisture actually reaching the soils beneath the FC. Although the EC and GKSS FC remained over the same plots throughout the study, the design of the EC FC and greater soil porosity at that site combined to promote diffusion of the rainwater into the underlying soils, while the GKSS FC design and soil texture were less conducive to this process, resulting in a much reduced response. However, upon direct irrigation, the Hg flux over both soils responded similarly. The ORNL and UM FC represent an interesting "pair" because the positions of these FC were exchanged on September 3 between the rain and irrigation events, meaning that the flux versus time response curve for each event (rain on September 2 and irrigation on September 4) represents the same soil plot. These curves are plotted together in Figure 7 where the response of Hg flux after irrigation (UM FC, 0 to 2.5 hours) matches surprisingly well with that after rain on the same plot (ORNL FC, 2 to 4.5 hours). This suggests that the delayed start of the ORNL FC after rainfall on September 2 probably missed the peak soil flux which occurred at most sites ---1.5-2.5 hours after the rain ended (Figure 2 ).
Discussion
There are several processes which could be responsible for the increase in Hg flux following the addition of water to these desert soils. The irrigation experiment with low-Hg-distilled water does not support the hypothesis that a form of easily reduced, reactive Hg is added to soils by rainfall in sufficient amounts to cause the response. Rather, the increase in flux appears to be related to soil physical or chemical interactions. The shapes of the response curves of flux versus time (Figures  2, 6, and 7) suggest that the initial response to moisture may exhibit first-order behavior. The 30-min mean fluxes suggest that the response plateaus within 30-60 min after water is added, but that most of the increase occurs in the first 30 min. However, these data were averaged from 5-or 10-min fluxes, and the 5-min raw data available to us for the irrigation experiments (EC, UM, GKSS) show that the fluxes plateau at ---20 min and appear to follow a first-order function to that point (data not shown). We can, however, roughly approximate the flux that could have resulted from the physical displacement of soil gas during the initial spike. Concentrations of Hg ø in soil gas were not measured in this study as there are no accepted field measurement methods, and few comparable data exist for comparison. Hence we estimated the contribution of the prerain soil gas Hg ø using Fick's diffusion law [Hillel, 1982] as applied by Johnson and Lindberg [1995] . We assumed that meteorological effects are slight inside an enclosed flux chamber and estimated the contribution of the soil gas Hg ø which was displaced by the rain water as follows: It is more likely that the second process listed above has a major contribution. The soil analyses [Gustin, et al., 1996 , this issue (a)] show that most of the soil plots contained a large proportion of total Hg as Hg ø, ---30-50%. Since the soil mer---2 cury flux over prerain dry soils was relatively low (---40 ng m h-•), we propose that before the rain, most of the Hg ø in the soils was adsorbed to dry soil particle surfaces and not directly available for emission. Various kinds of oxygen surface functional groups on soil mineral particle surfaces have a higher affinity for water molecules than for Hg ø atoms (as a class B soft acid, Hg ø favors S and N groups [Schuster, 1991] ), and the adsorption of Hg ø on dry soil particles has been reported [Fang, 1978; Klusman and Matoske, 1983] . It follows that percolation of rainwater into the soil pores led to exchange of the water molecules with the Hg ø adsorbed on the previously dry soil particles. As a result, the Hg ø was desorbed into soil gas (and/or overlying air) creating a pool of "available" Hgø," which was emitted during the broad postrain peak of elevated Hg flux (Figure 2) . A similar phenomenon is known to influence volatile pesticides, which are also more strongly bound to dry than wet soils [e.g., Spencer and Cliath, 1974] . In a study of competitive sorption between VOCs and water in Nevada soils, small additions of water drastically decreased VOC sorption, leading to increased volatilization [Steinberg and Kreamer, 1993] .
In laboratory studies, adsorption of Hg ø on soil particle surfaces was found to depend on soil mineralogical composition and surface area [Fang, 1978; Klusman and Matoske, 1983] . The observation that measured Hg concentrations in the clay and silt fractions of the soil samples from most sites were higher than those of all other fractions (P. Rasmussen, Geological Survey, Canada, personal communication, 1998) provides further evidence that desorption of Hg ø could have been a major contributing process to account for the sustained increase in Hg flux. Upon drying, more soil particle surfaces became available for Hg ø adsorption. Consequently, the Hg ø readily available for diffusion and emission would be readsorbed, resulting in decreased flux upon soil drying, which agrees well with our observations (Figure 3 [Okouchi and Sasaki, 1983] . Because of the role of irradiation, this process would seem to be limited to the surface most soil layer, but without further information this process could not be ruled out as having contributed some Hg ø.
Clearly, further research is required to reveal the mechanisms by which soil moisture affects mercury emission. These observations illustrate the gaps in our current understanding of Hg soil emission mechanisms, Hg ø desorption rates, and Hg(II) reduction processes in soils. It will be difficult to reasonably estimate the contribution of these various processes to the rainfall response measured at Steamboat Springs without much better data on soil Hg speciation and its role in soil emissions. Even with such data, quantitative attribution of the elevated flux to any single process or species would be tenuous since the overall postrain Hg flux (although clearly elevated) represented <<0.1% (flux/total Hg equal 1.4 x 10 -2 to 4 x 10 -6) of the total Hg pool available in the upper 2 cm of the soils. This study and the other recent observations cited above have clarified the importance of soil moisture in influencing Hg emissions from both background and geologically enriched soils. The dramatic increase in emissions of Hg following irrigation of these desert soils has interesting implications for the role of changing climate regimes on regional biogeochemical cycles of Hg. This is especially true if the response is generally as reproducible as we demonstrated with our irrigation studies after 2 days of soil drying, and considering the large pool of apparently available mercury in these soils.
